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CHAPTERl.GENERALINTRODUCTION 
Thesis Organization 
This thesis is organized into four chapters: a chapter of general introduction, two subsequent 
chapters containing manuscripts for publication, and a fourth chapter of general conclusions. 
Chapter 1 introduces studies of coevolution, details the works published on a highly 
coevolved system, figs and their associated fig wasps, and gives the general background and 
goals of the thesis research. 
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Chapter 2 is a manuscript prepared for submission to the journal Proceedings of the 
Royal Society of London Series B. This first manuscript, investigates the degree of species 
specificity between the Sonoran Desert rock fig, Ficus petiolaris, and its parasitic wasp, 
/dames sp. This work documents multiple, morphologically and genetically distinct parasite 
lineages attacking a single host species, revealing an unanticipated deviation from the 
assumed one-fig-to-one-wasp relationship. Possible ecological and evolutionary mechanisms 
for the presence of multiple parasite lineages on one host species are considered. 
Chapter 3 is a manuscript for submission to the journal Molecular Ecology. This 
manuscript investigates the phylogeographies of the rock fig and its ldarnes parasite, and 
then tests their concordance for insight into the possibility for coadaptive variation. 
Specifically, we test this diversification against models of host population structure defined 
in terms of subspecies (F. petiolaris subsp. palmeri and subsp. petiolaris) and 
biogeographical groupings (inferred from geological and paleoecological data). 
Chapter 4 summarizes and synthesizes the significance of this research, findings that, 
by detailing the genetic structure of a highly coevolved system at the population level, reveal 
unexpected specialization in one of the most intimate symbiotic relationships known and cast 
a new light on the evolutionary story of figs and their wasps. 
Coevolution 
Coevolution, the term used for reciprocal evolutionary change between two or more species, 
is an important process underlying much of the Earth's biotic complexity. Coevolution 
affects the organization of diverse communities, the development of species' life history 
strategies, and the evolutionary trajectories species undergo (Thompson 1994). Studies of 
coevolution are necessary in order to gain a deep conceptual understanding of any of these 
processes. 
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Coevolution both creates and is created from the specialization between interacting 
lineages. The more specialized the interaction, the more sensitive each partner is to 
constraints imposed on each other. Extremely intimate relationships (i.e. symbiotic 
relationships) can promote reciprocal adaptive responses and, ultimately, cospeciation. 
Indeed, mirrored phylogenies, indicating parallel diversification across lineages, are 
characteristic of many symbiotic relationships, both mutualistic (Moran & Baumann 1994; 
Thao et al.2000; Lopez-Vaamonde 2001; Wieblen 2004) and parasitic (Hafner & Page 1995; 
Paterson et al.2000; Clayton et al.2003; McGeoch et al.2000). 
Coevolutionary Interactions of Figs and Fig Wasps 
The mutualism between figs (Ficus: Moraceae) and their pollinator wasps (Agaonide: 
Chalcidodea) is widely recognized as a textbook case of coevolution (Janzen 1979; Wiebes 
1979; Bronstein 1989; Herre 1989; Anstett et al.1996). Over 750 species of figs have been 
described in the Old and New World tropics, each associated with an agaonid wasp pollinator 
that is (with few exceptions) host-species specific. In this pollination mutualism, the 
pollinator wasp acts as the sole pollen vector for the plant. In tum, the fig offers a subset of 
seeds to the pollinator wasp for oviposition sites, creating an obligate symbiotic relationship. 
This extreme species specificity is thought to have arisen from the highly intimate 
relationship between wasp and host tree, each interaction producing reciprocal adaptive 
responses that have led to cospeciation across fig and wasp pollinator lineages (Wiebes 1979; 
Weiblen 2004). Fossil and molecular evidence indicates that the mutualism of fig and 
pollinator wasps has been stable for over 90 million years (Machado et al. 2001). 
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More than half of fig species, including all of the ca. 140 New World taxa are 
monoecious, bearing separate female and male flowers within individual fig fruit (Berg 
1989). The pollination cycle begins with the pollinator wasp entering the fig fruit or 
syconium, an inverted sphere-like inflorescence lined on the inside with male and female 
flowers and enclosed by receptacle tissue. The opening of the syconium, the ostiole, is 
occluded by layers of bracts that restrict entrance to the syconium to all but the pollinator 
wasp. Once inside the syconium, the pollinator disperses pollen onto the stigmas of the 
receptive female flowers while successfully ovipositing into a subset of them. This 
"foundress" wasp is typically unable to exit the ostiole and dies inside the syconium while 
her offspring develop inside individual seeds. At maturity, the wingless male offspring chew 
exit holes from their seeds and into seeds containing mature females. They mate through this 
opening and then males enlarge the openings so that females can emerge. After emerging 
from their seeds, the female wasps actively gather pollen from mature male flowers then exit 
from a hole in the wall of the syconium in search of receptive female phase fig trees (Herre 
1989). 
Within the individual trees of monoecious species, reproduction and syconia 
development is typically highly synchronized with receptivity of female flowers preceding 
an thesis of male flowers by several weeks in time (a case of extreme dichogamy). At the 
population level, in contrast, reproduction is typically asynchronous with species not having 
distinct floral seasons (Windsor et al. 1989). As a consequence, monoecious figs are 
presumed to be highly outcrossing with pollen-bearing pollinator wasps exiting male phase 
trees and forced to move long distances in search of receptive female phase trees. Indeed 
paternity analysis studies reveal that successful wasp and pollen dispersal may commonly 
span distances of up to 15 km (Nason et al.1998). Moreover, the demographic stability of 
the mutualism is highly sensitive to host population size: below a certain critical level 
receptive female phase trees will fail to overlap in phenology with wasp producing male 
phase trees leading to the extinction of the wasp, and ultimately the fig (Bronstein 1989, 
Anstett et al.1996). 
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In addition to pollinators, "fig wasps" collectively include a suite of non-pollinating 
wasp species that utilize the fig syconia for their development. Many of these wasps are 
believed to be species specific (Gordh 1975; Boucek 1993; Compton & Hawkins 1996; West 
& Herre 1994; Machado et al 1996) and as many as 30 non-pollinating wasp species have 
been documented emerging from a single fig fruit (Anstett et a/.1997). This community of 
non-pollinating wasps includes floral parasites, fruit rind parasites, and their parasitoids 
(Boucek 1993). It is widely accepted that the relationships between fig host species and their 
non-pollinating wasps are highly coevolved. 
Evidence of Cospeciation in Figs and Fig wasps 
Cospeciation between figs and their fig wasps can be inferred from phylogenies of both the 
plant and insect lineages. Significant phylogenetic concordance between figs and their 
pollinators has been found at deep levels across the sections of Ficus (Weiblen 2004). 
In order to test for strict cospeciation (i.e., cospeciation without a history of host 
switching events or of one symbiont failing to speciate in association with the other), 
however, species-level phylogenies must be reconstructed. A study by Wieblen and Bush 
(2002) shows significant species-level phylogenetic concordance between figs within the 
subgenus Sycomorus sensu /ato and their Ceratoso/en pollinator wasps. Also, New World 
pollinator wasps, Pegoscapus spp., and parasitic wasps, !dames spp., that utilize the same 
host fig show significant evidence of cospeciation (Machado et a/.1996). Given that the 
reproductive biologies of these two fig wasps are more intimately tied to the host plant than 
they are to each other suggests that the latter is tracking speciation in the host fig. 
Unfortunately, efforts to infer species-level phylogenetic relationships among these figs 
using chloroplast DNA, internal transcribed spacers of the nuclear ribosomal DNA (ITS), and 
two-single-copy nuclear DNA introns, have been unsuccessful, producing topologies that are 
inconsistent with the pollinator and parasite phylogenies and with each other (J. Nason 
unpubl. data). 
Cospeciation and one-to-one species specific interactions are the paradigm for the 
relationship between figs and fig wasps. There are, however, a few cases in which taxa 
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deviate from strict species specificity. For instance, Ware and Compton (1992) document a 
single fruit crop from an isolated F. lutea tree in South Africa pollinated by a species 
associated with F. sur. Similarly, Ramirez (1970) reports finding two pollinator species in 
isolated trees of a S. American fig species. In both of these cases seed or wasp development 
was not successful, again supporting the notion of one-to-one species specificity. As a 
consequence, neither stlidy has led to a general reevaluation of species specificity between 
figs and fig wasps. Casting greater doubt on this specificity, however, are the findings of two 
recent molecular studies. Using wasp mitochondrial DNA (mtDNA) and microsatellite data, 
Molbo et al.(2003) demonstrate that a number of Panamanian fig species of the subgenus 
Urostigma host multiple, cryptic, but genetically distinct, pollinator wasp (Pegoscapus) 
species. Some pollinator species associated with the same host appear to be morphologically 
cryptic sister species, while others are more distantly related and likely reflect cases ofhost-
switching. Further evidence for cryptic differentiation comes from a study of Old World figs 
and a floral parasite. Weiblen and Bush (2002) have found multiple fig species of subgenus 
Sycomorus sensu lato hosting pairs of taxonomically cryptic Apocryptophagus wasps. 
Members of each pair differed both in mtDNA sequence and ovipositor length. Phylogenetic 
analyses revealed each pair to be either sister species, indicating they likely evolved on the 
same host, or distantly related, indicating host switching events (Weiblen & Bush 2002). 
Aside from these few cases, figs and their associated wasps are still thought to be one 
of the most highly coevolved and cospeciating systems known owing to the intimate nature 
of their interaction as well as extensive morphological and molecular data supporting one-to-
one species-specific relationships. Still, little is known of the mechanisms favoring fig-fig 
wasp cospeciation or even symbionts evolve concordant intraspecific genetic structures as a 
prelude to cospeciation. For example, if geographic patterns of gene flow in a fig and its 
wasps are symmetrical, the possibility for host-tracking and coadaptive variation at the 
population level (and eventually the species level) is likely (Nuismer et al.1999; 
Golmulkiewicz et al.2000). In contrast, if gene flow is highly asymmetric then strict 
cospeciation may be unlikely and phylogenetic concordance of fig and associated wasp 
lineages may only become apparent at deeper taxonomic levels. This thesis examines the 
phylogeographies of a fig and its parasitic wasp in order to understand the concordance or 
discordance of their intraspecific genetic structure and, ultimately their potential for 
cospeciation. 
Study System 
The Sonoran Desert rock fig, Ficus petiolaris 
F. petiolaris is the endemic fig of the Sonoran Desert and is found in spatially 
isolated populations consisting of few individuals. It is a member of the New World 
"strangler" figs (subgenus Urostigma, section Americana), and while most members of the 
subgenus are hemi-epiphytic stranglers, F. petiolaris germinates and grows from fissures in 
large rock and cliff faces. In contrast to most other Urostigma in which reproduction is 
highly synchronous within individual trees (Janzen 1979; Windsor 1989), reproduction 
within individual rock figs is often asynchronous (Smith & Bronstein 1996). While 
increasing the possibility of selfing, this asynchronicity may better enable F. petiolaris to 
maintain populations of its pollinator wasp and thus the mutualism, under conditions of low 
host population density (Smith & Bronstein 1996). Unfortunately for the mutualism, this 
reproductive characteristic may also maintain populations of the various parasitic wasps 
associated with F. petiolaris. 
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Past taxonomic treatment of the rock fig recognized two species, F. petiolaris and F. 
palmeri (Shreve & Wiggens 1964). In a recent treatment, these taxa are considered a single 
species with two subspecies, F. petiolaris, subsp. petiolaris and F. petiolaris subsp. palmeri 
(Felger et al.2001 ). Subspecies petiolaris is found in mainland Sonora, Mexico primarily in 
the western foothills of the Sierra Madre mountains, while subsp. palmeri occurs in drier 
habitats in peninsular Baja California, with occasional populations in arid regions of far 
western Sonora. These subspecies are distinguished based on morphological characters 
consistent with subspecies petiolaris living in more mesic habitats (e.g., larger leaves with 
glabrous leaf surfaces, longer petioles, and cordate leaf bases), and subspecies palmeri living 
in more xeric habitats (e.g., smaller, tougher, and highly pubescent leaves, shorter petioles, 
and round leaf bases). Variation between sun and shade leaves on the same tree, however, 
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often spans the range of variation between subspecies (Felger et al. 2001; Bernhard & Nason, 
pers. obs.). 
A floral parasite, ldarnes sp. 
The Jdarnes (undescribed species) floral parasite is the most common non-pollinating 
wasp associated with the F. petiolaris and at some locations occurs in higher numbers than 
the Pegoscapus pollinator wasp (Bernhard & Nason pers. obs.). Species in this genus are 
believed to be host-species specific (Machado et al.1996; West & Herre 1996; West & Herre 
1997). This parasite is in direct competition with the pollinator for oviposition sites in 
female fig flowers (West & Herre 1997). Unlike the pollinator, which enters the syconium to 
oviposit, Idarnes oviposits from the outside syconium surface, using a long ovipositor to 
pierce through the fruit wall to reach female flowers. Also unlike the pollinator, where male 
offspring share the syconium benignly, Jdarnes males actively fight each other for access to 
females using their huge mandibles (Hamilton 1979, Murray 1989, West & Herre 1994). 
Subsequently, the fertilized females exit the holes made by the pollinator males without 
collecting pollen. 
The Sonoran Desert 
The Sonoran Desert of Baja California and adjacent Sonora, Mexico, has a well 
studied geological and environmental history (Gastil et al.1983; Carreno & Helenes 2002; 
Van Devender 2002) making it a favored region for ecological and evolutionary research 
(e.g., Barker & Starmer 1982; Case et al.1983, 2002; Riddle et al.2000). The current 
Sonoran Desert landscape is a result of expanding plates. In the late Miocene (ca. 8mya) a 
shallow, proto-gulf formed that partially separating mainland Mexico from the Baja 
California peninsula. Successive movement of the sea-floor in the early Pliocene (ca. 4mya) 
formed an entrance to the Pacific Ocean while the southern tip of the Baja peninsula 
separated from the Sonoran mainland, creating the Gulf of California (Carreno & Helenes 
2002). This latter geological feature appears to have served as an important source of 
vicariance for much of the region's fauna (Riddle et al. 2000; Hurtado et al.2004), and flora 
(Nason et al.2002; Clark-Tapia & F. Molina-Freaner 2003). During the Pleistocene, 
members of the Sonoran Desert flora are believed to have persisted in the southern Cape 
Region of the Baja peninsula and the coastal plain of southern Sonora and adjacent Sinaloa 
(Van Devender 2002). Since glacial retreat (ca. 12,000 years ago), much of the flora 
underwent range expansion north into central and northern Baja and Sonora (Van Devender 
1990; Van Devender 2002). As Sonoran Desert endemics, F. petiolaris and associated fig 
wasps have been subject these deep time sources ofvicariance and shallow time sources of 
range contraction and expansion. 
Study Objectives and General Methodology 
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This thesis tests phylogenetic and phylogeographic concordance of the Sonoran Desert rock 
fig, F. petiolaris, and its Idarnes parasite. The general objective of this research was to 
understand the initiation of cospeciation in a model system of coevolution, figs and their 
wasps. The recent findings of deviations in fig wasps from one-to-one host specificity 
(Weiblen & Bush 2002; Molbo et al. 2003) further motivated my interest in carefully testing 
host specialization within the study system. By sampling members of this obligate 
association at a fine taxonomic scale, potential complexities in their relationship can be 
discovered. 
To address the question of specialization, both molecular (mtDNA sequence) and 
morphological data were used to identify the number of independent lineages of Idarnes 
associated with F. petiolaris. Given the extensive taxonomic and ecological evidence for a 
one-to-one species specific relationship between figs and their wasps, it was hypothesized 
that the rock fig and its Idarnes wasp display this same relationship. Deviations from this 
species-specific relationship in the wasp would either be due to a breakdown in specificity 
(host switches) or increased specialization (multiple lineages evolving on the same host fig). 
Phylogenetic analyses conducted to understand these possible relationships included 
sequences from a number of other Idarnes species. Given evidence of multiple Idarnes 
lineages on F. petiolaris, insight into character evolution and scenarios for coexistence on a 
single host species was explored. 
In a complementary study, a comparative phylogeographical approach was used to 
quantify the concordance of intraspecific genetic structures between F petiolaris and its 
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!dames wasp. Amplified fragment length polymorphism data (AFLP) was used to quantify 
phylogeographic relationships among populations of F. petiolaris. In parallel, sequence data 
from the mitochondrial cytochrome oxidase I gene was used to re-construct the 
phylogeography of !dames. Phylogenetic analyses were used to test for subsepecies (F. 
petiolaris subsp. petiolaris and F. petiolaris subsp. palmeri) versus geographic (peninsular 
and mainland) groupings of populations and post-glacial range expansion in both F. 
petiolaris and Jdarnes. Further, AMOVA analyses were used for a more sensitive test of 
population groupings, and Tajima's D was calculated to test for range expansion with in 
!dames groupings. A high level of concordance between F. petiolaris and ldarnes genetic 
structures indicates that cospeciation can be initiated at the population level with figs and 
their wasps. In contrast, a high discordance of phylogeographies raises questions concerning 
the origins of cospeciation and how parallel evolution arises at deeper taxonomic levels. 
Because of the high degree of specialization between figs and their wasps in general, the 
highly intimate relationship between fig hosts and their wasp parasites, and the mirrored 
phylogenies between sections of Ficus and their wasps, it was anticipated that the rock fig, F. 
petiolaris, and its ldarnes parasite would exhibit similar intraspecific genetic structures and a 
high potential for cospeciation. 
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HOST-SWITCHING AND CRYPTIC SPECIATION IN A PARASITIC FIG WASP 
A paper to be submitted to Proceedings of the Royal Society of London Series B 
K. BERNHARD1'2, J. STIREMAN1, C. MACHAD02, and J. NASON 1.4 
Summary 
Figs and their associated mutualistic and parasitic wasps have been a focus of intensive 
ecological and evolutionary research due to their diversity, unusual reproductive biologies, 
and intimate interspecific relationships. Based on the highly coevolved nature of their 
interactions, taxonomic studies, and deep (section-level) phylogenetic reconstructions, fig 
wasps are believed to be fig species specific and to cospeciate with their hosts. Our research 
on a member of the genus Jdarnes, a common floral parasite of New World figs, provides a 
revealing exception to this expectation of host specificity. Using both molecular 
(mitochondrial COi sequence) and morphological data, we show that there are four distinct 
Idarnes lineages associated with a single host fig species, F. petiolaris. Moreover, a broader 
phylogenetic analysis of Jdarnes reveals that the diversification of these lineages is the result 
of host shifts, and possibly, cryptic speciation on F. petiolaris. Similar to these findings, host 
shift and cryptic speciation events have been documented in molecular studies of New World 
fig wasp pollinators (Pegoscapus) and Old World floral parasites (Apocryptophagus). Taken 
together, these findings call into question the generality of one-to-one, species-specific 
interactions between figs and fig wasps and indicate that coevolutionary interactions in this 
well-studied system may be substantially more complex than previously appreciated. 
'Graduate student, Postdoctoral associate, and Associate Professor, respectively. Department of Ecology, 
Evolution, and Organismal Biology, Iowa State University Ames, IA 50011, USA 
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Introduction 
Over the past two decades there has been a growing consensus that coevolution is an 
important process affecting the diversity and organization of the Earth's biota (Futuyma & 
Slatkin 1983; Thompson 1982, 1994). Highly coevolved relationships between two or more 
species arise from their intimate interactions, sometimes leading to obligate species 
specificity. Further, there are numerous documented instances of obligate symbiotic lineages 
radiating in parallel (Hafner & Page 1995; Paterson et al.2000; Clayton et al.2003; McGeoch 
et al.2000; Moran & Baumann 1994; Thao et al.2000; Weiblen 2004). Nevertheless, many 
presumed examples of narrow coevolution remain largely untested from a phylogenetic 
standpoint. 
Plants and associated phytophagus insects are two of the most diverse groups of 
organisms on earth, representing numerous often highly-specific, coevolutionary interactions. 
Most of these interactions can be categorized into two general types: pollination mutualisms 
and host parasite-relationships. A particularly spectacular example of both obligate-
pollinator mutualism and host-parasite interaction can be found in the relationship between 
figs (Family: Moraceae, Genus Ficus) and their associated fig wasps (Order: Hymenoptera, 
Superfamily: Chalcidoidea). Over 750 species of figs have been described, each hosting a 
suite of associated pollinating and non-pollinating, parasitic wasps (Gordh 1975; Boucek 
1993; Compton & Hawkins 1992). The mutualism involving figs and their pollinators has 
been particularly well studied. Unusual co-adapted features of this system include the highly 
integrated development of wasp larvae and fig seeds (Janzen 1979), the production of volatile 
cues attracting pollen-bearing wasps to receptive fig trees (Barker 1985; Hossaert-McKey et 
al.1994), and the extraordinary capability for long-distance dispersal of pollinators between 
low density flowering hosts (Nason et al.1996; 1998). Based on their highly coevolved 
relationships it is generally assumed that figs and their pollinators are reciprocally species 
specific, that they cospeciate, and that parallel cladogenesis should characterize their 
evolutionary histories. These predictions are supported by morphological taxonomic work 
(Ramirez 1974; Wiebes 1979; Berg 1989) and by more recent molecular phylogenetic 
investigations (Herre et al.1996; Lopez-Vaamonde et al.2001; Machado et al.2001; Weiblen 
et al. 2004). 
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Recent research has revealed, however, cases in which phylogenetic relationships 
between fig and pollinator wasp phylogenies do not indicate cospeciation. In particular, 
using mitochondrial DNA (mtDNA) and microsatellite data to study the pollinators 
(Pegoscapus) of eight New World monoecious fig species (subgenus Urostigma), Molbo et 
al.(2003) identified four cases of cryptic species within what were thought to be single wasp 
species. In one case these cryptic wasp species appear to be sister species, while in the others 
they are much more distantly related and reflect cases of host-switching. These findings 
challenge the prevalent notion of strict one-to-one specificity between figs and their 
pollinator wasps. Moreover, given the relatively small number oftaxa sampled, as well as 
preliminary mtDNA evidence of cryptic speciation in a pollinator representing the basal 
genus of pollinator wasps (Tetrapus; Machado et al.2001), the existence of cryptic wasp 
species may be relatively widespread among figs. 
These findings also raise questions concerning the one-to-one host specificity of non-
pollinating wasps that are parasitic on the host fig. Are these insects more or less likely than 
the pollinators to undergo host switching or cryptic diversification on the same host? On the 
one hand, many aspects of the life histories and dispersal biology of these insects are similar 
to that of the pollinator and are expected to promote one-to-one host specificity. Indeed 
congruent phylogenies have been found for pollinators and floral parasites of Old (Lopez-
Vaamonde et al. 2001) and New World (Machado et al.1996) figs, presumably due to the 
tracking of diversification in their shared hosts. On the other hand, host specificity in non-
pollinating fig wasps may be relaxed relative to pollinators because the successful 
development of their offspring is not contingent upon their transport of pollen between 
conspecific hosts. The latter prediction is supported by Weiblen & Bush (2002) who show 
stronger phylogenetic concordance between Old World figs (Sycomorus sensu lato) and their 
pollinators ( Ceratosolen) than between the same fig species and their floral parasites 
(Apocryptophagus ). 
Here we describe a study of a single nominal species of non-pollinating fig wasp, 
Jdarnes, which parasitizes female flowers and the developing seeds of the Sonoran Desert 
rock fig, Ficus petiolaris. With mtDNA sequence data we show that this wasp consists of 
four genetically distinct lineages associated with four previously undescribed morphotypes. 
Combined with mtDNA sequence data of ldarnes from a number of New World fig species, 
we infer the evolutionary relationships between these morphospecies in order to determine 
whether they represent sister species or cases of host switching. We also identify 
morphological characters that discriminate these morphospecies and consider how these 
physical differences may underlie the utilization of different ecological niches permitting 
their coexistance on the same host. 
Materials and Methods 
Background 
The host fig 
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Ficus petiolaris is a member of the subgenus Urostigma section Americana, a group 
of monoecious figs with ca. 120 New World species (Berg 1989). F. petiolaris is found in 
Sonoran Desert habitats of the Baja California peninsula and mainland Sonora, Mexico and 
in the latter ranges east into the foothills of the Sierra Madre. In contrast to the hemi-
epiphytic or host-strangling habit of most Urostigma, this species grows on rocky outcrops 
and cliff faces. Also, though widespread, F. petiolaris populations are typically low-density 
and spatially isolated. Nevertheless, even small, highly isolated populations support a 
diverse community of fig wasps, including a Pegoscapus pollinator, an Jdarnes floral 
parasite, and other non-pollinating wasp species. 
Historically recognized as two species, F. palmeri and F. petiolaris (Shreve & 
Wiggens 1964; Wiggens 1980), the rock fig is now treated as two subspecies, F. petiolaris 
subsp. palmeri and subsp. petiolaris (Felger et al. 2001). Subspecies palmeri is found 
throughout the Baja peninsula and restricted to xeric habitats of coastal Sonora. Subspecies 
petiolaris occurs in the more mesic habitats of the mainland with other free standing (F. 
insipida, subgenus Pharmacosycea) and Urostigma (F. trigonata and F. pertusa) fig species. 
A non-pollinating parasitic wasp 
Floral parasites in the genus Jdarnes are members of the family Agaonidae (which 
includes the pollinators as well), and compete for the same set of developing flowers that the 
pollinator utilizes (West & Herre 1997). Unlike the pollinator which oviposits into 
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uniovulate female flowers from the inside of the "fruit" or syconium (a specialized 
inflorescence), female Idarnes utilize their long ovipositor to insert eggs into female flowers 
from the outside of the syconium. Also unlike the pollinator, Idarnes males fight for access 
to females using enlarged mandibles (Hamilton 1979; Murray 1989; West & Herre 1994) and 
fertilized females exit syconia without collecting pollen via holes made by the pollinator 
males. This parasite is the most abundant non-pollinating wasp attacking New World 
Urostigma species (Hamilton 1979; Gordh 1975; Bronstein 1991; West & Herre 1997) and is 
typically found exiting the mature syconia of F. petioliars in higher numbers than other non-
pollinator wasps and, in many cases, even pollinators (Bernhard & Nason, pers. obs.). 
Although all Jdarnes studied to date have been assumed to be host specific (Hamilton 
1974; West & Herre 1997; Machado et al 1996), the Idarnes attacking F. petiolaris has not 
been taxonomically described and its host specificity has not been directly examined. 
Collections 
Idarnes collections from F. petiolaris 
Jdarnes were collected from 15 F. petio/aris populations distributed across the Baja 
peninsula of Mexico and adjacent mainland Sonora. Twelve of these were F. petiolaris 
subsp. palmeri (10 peninsular and 2 mainland) and 3 were F. petiolaris subsp. petiolaris 
(Table 1; Figure 1 ). Wasps were collected from the exterior surface of receptive female 
phase fruit or from mature male phase fruit and stored in 95% ethanol. To avoid sampling 
siblings only a single wasp of each morphotype from each mature fruit was selected for 
mtDNA analyses. In total 81 independent Idarnes individuals were analyzed for sequence 
variation in a portion of the mitochondrial cytochrome oxidase I (COi) gene. 
Idarnes collections from other Urostigma species 
In addition to the Idarnes sampled from F. petiolaris, 26 Idarnes wasps from across 
the genus were collected for a broader phylogenetic analysis. These wasps were taken from 
fourteen New World Ficus species in the subgenus Urostigma. 
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DNA extraction and amplification 
Total genomic DNA was isolated from single wasps with Gentra Systems 
Puregene®kit, using the protocol for single Drosophila extraction. Standard PCR 
amplification and sequencing reactions of the 3' COI end of the mitochondrial genome was 
performed using new primers: Sw2618 (5'-GCTCATTTTCATTATGTTYTATCTA TRGG-
3'); New Pat (5'-TCCAATGCACTAATCTGCCAT-3'). The PCR amplification procedure 
was as follows: 94°C for 2min, 38 cycles of94°C for 2min, 50°C for 45s, and 72°C for lmin, 
and a final extension step of 72°C for 6min. Big Dye terminator kits, version 3 .1 (Perkin-
Elmer) were used for the sequencing reactions of both forward and reverse strands. The 
sequencing temperature cycle was: 96°C for 2min, 45 cycles of96°C for 30s, 50-52°C for 
45°C, 60°C for 4min. Sequenced samples were gel run on an ABI Prism 377 Automated 
Sequencer. Sequences were first aligned using AutoAssembler™ and further editing was 
completed in MacClade. Ambiguous ends were omitted and 325 nucleotide sites were used 
for analyses. A related Old World agaonid floral parasite, Apocryptophagu.s sp. (Agaonidae, 
Sycophaginae) (accession number AF364533), along with three more distantly related New 
World floral parasites, Critogaster spp. (Agaonidae, Sycoryctinae) (unpublished sequences), 
were used as the outgroup to root the phylogeny. 
Phylogenetic analyses 
PAUP* 4.0 (Swofford 1998) was used for all phylogenetic analyses. In addition to 
our 81 Sonoran Desert ldarnes sequences from F. petiolaris, our analyses included 26 
previously unpublished sequences of ldarnes from 15 host fig species and one published 
sequence (Accession number AF302061; host F. trigonata). Maximum likelihood (ML) 
optimality criterion was used to search for trees. We selected a General Time-Reversible 
nucleotide substitution model (GTR+I+f; Rodriquez et a/.1990; Yang et a/.1994; Waddell & 
Steel 1997) using the program ModelTest (Posada & Crandall 1998) for ML analyses (in 
PAUP format: Lset Base=(0.4212 0.0645 0.0642) Nst=6 Rmat=(l.0984 4.2300 0.8149 
4.6249 4.2300) Rates=gamma Shape=0.7053 Pinvar=0.1608). To efficiently estimate 
deeper relationships among taxa, we used a reduced data set of 44 taxa (trimmed sequences 
were near identical, 0-2 parsimony steps away, from one of the 44 representative haplotypes). 
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Furthermore, to efficiently explore the likelihood surface, we employed the Likelihood 
ratchet of Vos et al. (2003) which randomly re-weights a portion of the data when obtaining 
starting trees via Neighbor Joining and then switches back to original weights for branch 
swapping. Due to a reduction in time used to generate starting trees, this method increases 
the number ofreplicate searches that can be conducted in a given amount of time. Fifteen 
percent of characters were randomly selected for re-weighting using P AUPrat (Sikes & 
Lewis 2001 ). Heuristic searches employing TBR branch swapping and a limit of 900 seconds 
per replicate were conducted for each of 200 re-weighted likelihood ratchet replicates. Once 
these deeper relationships were established, we constrained all major lingeages to the 
topology of our tree of highest likelihood and conducted a ML search with all taxa included 
(in PAUP format: Hsearch, swap=TBR, Start=stepwise; Nreps=20, timelimit=3600s, 
limitperrep=yes; likelihood criteria was retained from ML search on trimmed data set 
described above). We present the tree of lowest-In Likelihood found across all replicates 
and assess support for branches with a consensus of replicate trees. We further evaluated 
support for particular clades by conducting 1000 neighbor joining bootstraps employing 
distances and rate heterogeneity based on our likelihood model and the BioNJ option in 
PAUP. 
Our ML searches and morphological examinations provided clear evidence of four 
distinct clades of Idarnes wasps from F. petiolaris (referred to as LOl, L02, SOl, and S02). 
To test whether these divergent wasp clades form a monophyletic group, we used SH tests 
(Shimodaira & Hasegawa1999) to compare the likelihood estimates of our most likely ML 
topology against the likelihood of topologies under five possible constraints representing 
various combinations of monophyly for the Sonoran Desert Idarnes clades including: all F. 
petiolaris Idarnes monophyletic; LOl, SOl, and S02 monophyletic; SOl and S02 
monophyletic; LOl and SOl monophyletic; and LOl and S02 monophyletic (see Table 2). 
Tree searches for SH tests utilized the same ML model used in the previously described 
analysis, but in order to make searches more tractable we employed a truncated data set of 55 
taxa representing most of the distinct haplotypic diversity and constrained branches that were 
present with a frequency of greater than 90% in the consensus of the Lratchet replicate 
searches. Searches utilized the following PAUP options: Hsearch, swap=TBR, 
Start=stepwise; Nreps=20, timelimit=3600s, limitperrep=yes. 
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Morphological characterization 
Digital photos under a dissecting microscope were taken of a number of sequenced 
Jdarnes individuals in order to record morphological features. Further, scanning electron 
micro graphs were taken of each of representatives of each of the four major mtDNA lineages 
(LOl, L02, SOl, and S02) to capture finer morphological detail. Representatives of these 
lineages are currently the subject of taxonomic treatment by agaonid systematist Jean-Yves 
Rasplus (INRA, Montpellier, France). 
Results 
Phylogenetic Analyses 
One tree of highest likelihood (-lnL 4945.73) was recovered (Figure 2) with our 
Maximum Liklihood analysis of Jdarnes COI mtDNA sequence data. This tree reveals four 
distinct clades of the Jdarnes attacking F. petiolaris. These clades designated LOl, L02, 
SOl and S02 were present in all 297 trees found across replicate ML searches and were 
supported by high bootstrap values (>97% ) .. Each of these clades was broadly distributed in 
Baja and Sonora except L02 which was only collected from one site in Sonora (site 14). 
Monophyly of all Jdarnes from F. petiolaris was rejected by SH tests (p < 0.001). The L02 
clade, represented by only two individuals in our collections, clusters with Idarnes sequences 
from host trees F. trigonata and F. /aevigata. High bootstrap support (84%) indicates a 
distant relationship from the other Idarnes morphospecies on F. petiolaris. Monophyly of 
L01-S01-S02, S01-S02 was also rejected. Monophyly ofLOl-SOl and L01-S02 can not 
be rejected, even though our most likely tree suggests all four clades are polyphyletic with 
respect to each other (Table 2). In particular, a high likelihood (-lnL 4947.33) supports a 
sister relationship between LO 1 and SO 1, suggesting that differentiation of ovipositor 
morphology may have taken place in an ancestral lineage using F. petiolaris. The dispersed 
phylogenetic positions of short and long ovipositor morphotypes also suggests that ovipositor 
morphology may have shifted between "short" and "long" multiple times in the history of 
these taxa. In addition, all of the other fig species for which we have more than one Jdarnes 
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sequence apparently host polyphyletic lineages of these wasps. These host species include F. 
obtusifolia, F. popenoei, F. trigonata, F. near-trigonata, and F. perforata (Figure 2). 
Morphological analyses 
Gross anatomical surveys of the Idarnes specimens revealed four distinct 
morphotypes corresponding to mtDNA clades LOI, L02, SOI and S02. Two morphotypes 
had long ovipositors (LOI N=13, mean=5.18mm; L02 N=2, mean=4.70mm) while two had 
two had shorter ovipositors (SOI N=6, mean=2.98mm; S02 N=6 mean=2.70mm) The 
distributions of ovipositor lengths for these two groups was non-overlapping. We have 
frequently reared both long and short ovipositor morphotypes from a single fruit. Within 
each of the two ovipositor groups, morphospecies were distinguished further by easily 
observed differences in the antennae (scape coloration and amount of funicle hairs), 
differences in the mouthpart structures (labium and maxillary palpus sculpturing), differences 
in the thorax (pronotum lengths and adnotaular setae patterning), and differences in the 
ovipositor tip structure (see Figure 3). 
Discussion 
The results of our detailed phylogenetic sampling and gross morphological comparisons of 
Idarnes floral parasite clearly demonstrate the existence of at least four independent lineages 
of these wasps attacking the rock fig, F. petiolaris in Baja and Sonora, Mexico. ML 
comparisons of alternate tree topologies suggest that these associations with F. petiolaris are 
the result of at least one host shift. Furthermore, our partial phylogenetic sampling of 
Idarnes spp. from a wide range of other New World fig species indicates several additional 
instances of polyphyletic Idarnes lineages attacking the same host fig species. These too are 
indicative of ancestral host shifts. Together, these results run counter to the assumed of a 
one-to-one relationship between Idarnes fig parasites and their fig hosts, and to strict 
cocladogenesis in their evolutionary diversification (West & Herre I 994; Machado et 
al. I996). 
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The existence of distinct Jdarnes lineages attacking a single host has previously been 
described by West and Herre ( 1994; 1997). In a sample of six Panamanian Ficus (subgenus 
Urostigma), they found two cases in which Idarnes ofthejlavicollis and carme species 
groups (thereafter referred to as Jdarnes sensu stricto) co-occurred with members of the 
Jdarnes "incerta" species group on the same host fig species. This latter species group is 
widely divergent from Jdarnes sensu stricto, being characterized by winged males and 
females with much shorter ovipositors (<0.5mm; Boucek 1993). Unlike West and Herre, the 
four clades of Jdarnes we have reared from F. petiolaris all belong to Idarnes sensu stricto 
and represent previously undocumented lineages that differ more subtly in ovipositor 
morphology. 
The possibility of multiple Jdarnes species attacking one host fig was first raised by 
Hamilton (1979) in his studies oflife-history traits in fighting male Jdarnes wasps. He noted 
distinct female morphotypes with differences in ovipositor lengths attacking a Brazilian fig, 
but was indecisive about calling each type a different species because of the continuous 
variation found within the male wasps. Our molecular and morphological data confirm 
Hamilton's suspicion that the female morphotypes very likely represent distinct lineages of 
Jdarnes. Hamilton's findings together with the evidence we present of multiple Idarnes 
lineages attacking F. petiolaris and of the occurrence of polyphyletic lineages of Jdarnes 
associated with at least five other Ficus species, suggests that the coexistence of multiple 
lineages of Jdarnes sensu stricto on individual fig species is widespread, possibly even 
ubiquitous. 
The unanticipated discovery of multiple Idarnes lineages successfully reproducing on 
one host fig species suggests complex evolutionary relationships between the Sonoran Desert 
Idarnes and F. petiolaris representing both host switching and possibly cryptic 
diversification on this one host species. Other recent molecular studies of wasps associated 
with Ficus provide additional cases of deviations from the one-to-one fig-to-wasp species 
relationship. For example, Molbo et al.(2003) identified four New World Urostigma fig 
species hosting multiple cryptic pollinator lineages (Pegoscapus). Using phylogenetic 
reconstructions they were able to infer the existence of both host switching and cryptic 
diversification on individual host species in these pollinating mutualisms. 
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Unlike pollinators, parasitic fig wasps are not constrained to function as pollen vector 
for the host fig. Such constraints on pollinators should serve to tighten coevolutionary 
relationships between these insects and their plant hosts, making extreme specialization and 
host tracking much more likely. With Molbo et al. 's finding that strict cospeciation has been 
relaxed between figs and their mutualistic partners, it is not entirely surprising to find similar 
relaxed relationships between figs and their wasp parasites. This hypothesis, that parasites 
are more likely to deviate from a pattern of strict cospeciation than are pollinators, was 
supported in a recent study by W eiblen and Bush (2002) of Old World figs, Sycomorus sensu 
lato, and their mutualistic and parasitic agaonid wasps. In this study, Weiblen and Bush 
found significant evidence of cospeciation between Ficus and their pollinator lineages 
(Ceratosolen), but not between Ficus and a floral parasite (Apocryptophagus). That these 
classic examples of host-specificity and cospeciation exhibit complex evolutionary dynamics, 
including cryptic within-host speciation and across-species host shifting, suggests that other 
classic examples of parasite-host relationships and mutualisms may also exhibit a degree of 
evolutionary complexity that challenges our notions of the process of coevolution. 
Our knowledge of the evolutionary history of Idarnes attacking F. petiolaris is far 
from complete. It is likely that host switching has occurred at least once, e.g., L02 (Figure 
2). Samples from L02 were taken from a population where F. pertusa and F. trigonata 
grows in close proximity to F. petiolaris, increasing the potential for host shifts onto F. 
petiolaris. These L02 samples were reared from mature syconia, thus demonstrating 
successful oviposition and development of offspring F. petiolaris. Ambiguous relationships 
between the other F. petiolaris Idarnes, and sister-species relationships revealed in the Old 
World counterpart to Idarnes, Apocryptophagus (see Wieblen & Bush 2002), make it 
difficult to draw conclusions on the prevalence of host-switching versus duplication events in 
these fig parasites. 
Given the finding of multiple Idarnes morphospecies on the same fig host, the 
question arises, how do lineages utilizing the same resources (fig flowers) coexist 
ecologically? One possible ecological mechanism for coexistence is that coexisting parasitic 
species utilize the fig at different stages in maturity. According to Weiblen & Bush (2002), 
wasps with short ovipositors have an advantage ovipositing in syconia early development 
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when the fruit wall is thin, while wasps with long ovipositors are the only type able to access 
female flowers later in development when the fruit wall is thicker. 
An understanding of the phylogenetic origins of variation in ovipositor length may 
also aid in our understanding of the evolutionary mechanisms for coexistence of Idarnes 
species on one host. The simplest evolutionary scenario resulting in long and short 
ovipositor clades each distributed across host taxa is a one-time ancestral diversification 
event. This scenario is not supported by our ML analyses of Idarnes morphotypes, however, 
or by analyses of Old World floral parasites (Weiblen & Bush 2002) in which parasite 
duplication events are inferred to have resulted in multiple cases of sister species pairs with 
long and short ovipositors. In our tree of highest likelihood, at least two transitions between 
ovipositor types are necessary to account for the diversity of Idarnes attacking F. petiolaris. 
It is possible that with more complete morphological and phylogenetic data for other Idarnes 
complexes the number of transitions in ovipositor length may be found to be much larger. 
The long held paradigm of strict cospeciation of figs and their wasps is increasingly 
being challenged. With recent genetic analyses and morphological studies, it is becoming 
evident that the coevolutionary interplay between figs and their associated wasps includes not 
only cospeciation, but also host switching and lineage duplication. The complex evolutionary 
histories revealed in this study, and their implications for the role of adaptive character 
displacement in maintaining species coexistence, frame important ecological and 
evolutionary questions that largely await to be explored in the diverse community of wasps 
associated with Ficus. Such explorations offer fertile ground for advancing our knowledge 
of coevolution, cospeciation, and ecological coexistence, not only for the spectacularly 
diverse fig-fig wasp system, but more generally for a wide range of parasitic and mutualistic 
interactions encompassing a variety of organisms. 
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List of Tables: 
Table 1: Locality information for !darn es specimens. Ten populations ( 49 individuals) were 
sequenced from the Baja California peninsula and five populations (32 individuals) were 
sequenced from mainland Sonora, Mexico. Populations 1-12 were taken from host F. 
petiolaris subsp. palmeri and 13-15 were collected from F. petiolaris subsp. petiolaris. 
Table 2: SH tests comparing likelihoods of trees with and without assumptions of 
monophyly for clades of Idarnes from Ficus petiolaris (LO = long ovipositor clade, 
SO=short ovipositor clade; H0 =without constraint, He =with constraint). 
Table 1. 
Population Name Host subsp 
Baja California populations 
1. Cabo San Lucas palmeri 
2. San Bartolo palmeri 
3. Fig Summit palmeri 
4. Agua Verde palmeri 
5. Loreto Beach palmeri 
6. LoretoMountains pa/meri 
7. Fig Canyon pa/meri 
8. Mulege palmeri 
9. San Francisco pa/meri 
10. SanRosalia palmeri 
Sonoran populations 
11. Cerro Kino 
12. Nacapule 
13. Navajoa 
14. Tepoca 
15. Rt RioSonora 
palmeri 
palmeri 
petiolaris 
petiolaris 
petiolaris 
Lata,ong #Wasps 
22.92408N/109.97872W 8 
23.74212N/109.82229W 10 
24.01794N/110.097351W 7 
25.57437N/111.17371W 1 
25.84059N/ll 1.33179W 1 
25.97532N/l 11.47649W 6 
26.35778N/111.80384W 5 
26.75220N/112.17586W 2 
27.24018N/112.37004W 2 
27.57151N/l 13.07616W 7 
28.89978N/112.00536W 
28.01515N/111.05335W 
27 .08546N/109 .67891 W 
28.48525N/109.35906W 
29.50435N/110.16918W 
15 
3 
4 
6 
4 
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Table 2. 
Phylogenetic comparison -lnL(H0 ) -lnL(Hc) 0 p 
All F. petiolaris Idarnes 4948.29 5017.29 69.00 0.00 
monophyletic 
All F. petiolaris Idarnes 4948.29 4961.38 13.09 0.25 
monophyletic except L02 
All short ovipositor F. petiolaris 4948.29 4962.13 13.84 0.22 
Idarnes monophyletic (SO 1 & S02) 
LO 1 and SO 1 monophyletic 4948.29 4947.33 0.96 0.47 
LOl and S02 monophyletic 4948.29 4962.79 14.50 0.16 
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List of Figures: 
Figure 1: !dames sample populations across the Sonoran Desert landscape of Mexico's Baja 
California peninsula ( 1-10) and adjacent Sonora ( 1I-I5). Populations from Ficus petiolaris 
subsp. palmeri are in plain text while those from Ficus petiolaris subsp. petiolaris are in bold 
text. 
Figure 2: Highest likelihood tree of 8 I !darn es sequences from the rock fig, F. petiolaris, of 
the Sonoran Desert and 26 Idarnes sequences from 14 New World Urostigma fig species. 
Four distinct clades (LOI, SOI, L02, and S02) were resolved among the F. petiolaris 
Idafnes sequences. LOl, SOl, and S02 all have 100% bootstrap support and L02 has 97% 
bootstrap support. 
Figure 3: Scanning electron images of Idarnes morphospecies LOl, L02, SOI, and S02 
(left to right). Top row shows differences in mouthparts (scale bar lOOum). Middle row 
shows differences in thorax sculpturing and patterning (scale bar 200um). Bottom row 
shows differences in ovipositor structures (scale bar 20um). 
Figure l. 
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COMPARATIVE PHYLOGEOGRAPHIES OF THE SONORAN DESERT ROCK 
FIG AND AP ARASITIC FIG WASP: INSIGHT INTO THE POTENTIAL FOR CO-
ADAPTATION 
A paper to be submitted to Molecular Ecology 
K. BERNHARD1'2 J. STIREMAN1 and J. NASON1'3 
Abstract 
Four distinct lineages of the non-pollinating fig wasp Idarnes have recently been described 
associated with the Sonoran Desert rock fig Ficus petiolaris, providing a unique opportunity 
for comparative phylogeographic study of multiple, closely related parasites attacking the 
same host. AFLP variation among fig populations is better explained by genetic 
differentiation between peninsular and continental populations than between described 
subspecies (F. petiolaris subsp. petiolaris and subsp. palmeri). Moreover, neighbor joining 
trees constructed for peninsular populations revealed topological evidence of post-
Pleistocene range expansion with a serial nesting of northern populations within more 
southern ones. Three of the Idarnes lineages were common and widespread enough to permit 
phylogeographic examination using mitochondrial sequence data. Consistent with genetic 
structure of the host, none of these lineages covaried with the host subspecies. Also 
consistent with the host data, one lineage exhibited significant genetic evidence of vicariance 
between and range expansion within peninsular and continental populations. In contrast, the 
other two lineages exhibited a high level of gene flow between these regions and no evidence 
ofrange expansion within them. Phylogeographic asymmetries between parasites indicate 
very different capacities for gene flow despite phylogenetic and ecological similarities and an 
identical spatio-temporal distribution of host resources. Differences in the concordance of 
host and parasite genetic structures have important implications for their coevolutionary 
dynamics. 
1Graduate student, Postdoctoral associate, and Associate Professor respectively. Department of Ecology, 
Evolution, and Organismal Biology, Iowa State University 
2Primary researcher and author 
3 Author for correspondence 
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Introduction 
One of the most tightly coevolved relationships known involves the plant genus Ficus 
and its agaonid pollinator wasps (Janzen 1979, Wiebes 1979, Bronstein & Mc Key 1989, 
Herre 1989, Anstett et al.1996, Herre 1999). In this pollination mutualism, each of the 750 
described fig species is associated with a specific wasp species that acts as its sole pollen 
vector. In turn, the pollinator wasp lays her eggs in a subset of the fig's female flowers 
which are then consumed by her developing offspring, creating an obligate and species-
specific symbiotic relationship between plant and insect. In addition to the mutualistic 
relationship between figs and their wasp pollinators, there is a suite of other non-pollinating 
wasp species associated with fig fruits including flower, seed, and fruit parasites, and their 
parasitoids (Boucek 1993). Many of these wasps have been shown to be host-species 
specific and as many as 30 species specific wasps have been documented emerging from a 
single fig fruit (Anstett et al. l 997). 
Based on their coevolved relationships and species specificity, it is generally assumed 
that figs and fig wasps speciate in concert, leading to phylogenetic histories that diversify in 
parallel. This hypothesis is supported by the morphological taxonomy of figs and their 
pollinators (Comer 1978; Wiebes 1979; Boucek 1993), and at deeper taxonomic levels 
(across sections of Ficus) by molecular data indicating concordant phylogenies (Weiblen 
2004). Significant phylogenetic concordance has also been found at a shallower level 
between fig species within the subgenus Sycomorus sensu lato and their Ceratosolen 
pollinator wasps (Wieblen & Bush 2002). Such parallel diversification can also occur 
between different fig wasp lineages (e.g., pollinators and parasites) as they both 
independently track the speciation of the same host species. Parallel cladogenesis has been 
shown for New World pollinator (Pegoscapus) and the parasitic, (Idarnes) wasps utilizing 
the same host figs (Machado et al.1996), and between Old World pollinator (Pleistodontes) 
and parasitic (Sycoscapter) wasps (Lopez-Vaamonde et al. 2001) using the same host. 
These studies imply, directly or indirectly, that the parallel phylogenetic 
diversification of lineages begins with the process of cospeciation between figs and fig 
wasps. No studies to date, however, have extended these analyses to investigations of 
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diversification below the species level. Given their intimate, highly coevolved relationships 
and history of association, we hypothesize that interacting fig and fig wasp species will 
possess highly concordant intraspecific phylogeographies. Strong congruence of genetic 
structures indicates common geographic barriers to gene flow, as well as conditions favoring 
reciprocal co-adaptation of host and pollinator or parasite lineages (Nuismer et al.1999; 
Golmulkiewicz et al.2000). Cospeciation and the one-to-one relationship between figs and 
wasps at higher taxonomic levels would be the expected outcome given such lineage specific 
relationships arising below the species level. Alternatively, strong asymmetries in gene flow 
between symbionts will tend to decouple historical biogeographical associations and 
covariation in geographic patterns of genetic structure. For example, restricted gene flow 
and increased genetic structuring in a fig wasp could lead to the evolution of sister species of 
wasp on the same host, a pattern of diversification inconsistent with cospeciation and the 
apparent one-to-one species specificity of figs and fig wasps. 
To assess these alternatives and the implications of genetic structuring for 
cospeciation and species specificity, we conducted a comparative analysis of intraspecific 
genetic variation in the Sonoran Desert rock fig, F. petiolaris, and a member of its associated 
fig-wasp community, the non-pollinating parasite Idarnes. F. petiolaris is particularly well 
suited as a host species for this study as it has two morphologically defined subspecies as 
well as disjunct geographical distributions in the Baja California peninsula and mainland 
Sonora, Mexico, regions of the Sonoran Desert. Moreover, we have recently described four 
morphologically and genetically distinct Idarnes lineages attacking this host (Bernhard et al. 
in prep). Consequently, in comparing the intraspecific phylogeographies of these obligate, 
antagonistic partners we are able to test a priori hypotheses concerning the taxonomic and 
genetic structuring of the host and their impacts on diversification and genetic structuring in 
multiple lineages of the parasite. 
Materials and Methods 
The study system 
Ficus petiolaris 
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F. petiolaris (family Moraceae) is a member of the New World strangler figs 
(subgenus Urostigma, section Americana) and is found across the Sonoran Desert in spatially 
isolated populations consisting of few individuals. While most members of subgenus 
Urostigma are hemi-epiphytic stranglers, F. petiolaris germinates and grows from fissures in 
large rock and cliff faces. Like other Urostigma, the rock fig is monoecious with separate 
male and female flowers lining the interior of the fig "fruit" or syconium (a hollow 
inflorescence). The female flowers are receptive to pollen weeks before anthesis begins in 
the male flowers, a form of extreme dichogamy preventing self pollination within syconia. 
In contrast to most other Urostigma in which reproduction is highly synchronous within 
individual trees but asynchronous at the population level (Janzen 1979; Windsor 1989), the 
production of syconia within individual rock figs is often asynchronous. While increasing 
the possibility of selfing, this asynchronicity may better enable F. petiolaris to maintain 
populations of its pollinator wasp, and thus the mutualism, under conditions of low host 
population density (Bronstein 1996). Asynchronous fruiting may similarly favor population 
persistence of wasp species that parasitize fig fruits. Thus, while stabilizing the pollinator 
mutualism on the one hand, this asynchronicity may increase the susceptibility of the 
mutualism to parasitism. 
The rock fig has historically been classified as two species: F. petiolaris and F. 
palmeri (Shreve & Wiggens 1964). F. petiolaris is found throughout mainland Sonora, in 
more mesic habitats while F. palmeri occurs in drier habitats in peninsular Baja California, 
with occasional populations in arid regions of western Sonora. In more recent treatments, 
these species have been subsumed into a single species with two subspecies, F. petiolaris, 
subsp. petiolaris and F. petiolaris subsp. palmeri (Felger et al.2001 ). These subspecies are 
distinguished based on morphological characters consistent with F. petiolaris subsp. 
petiolaris plants living in mesic habitats (larger leaves with glabrous leaf surfaces, longer 
petioles, and cordate leaf bases), and F. petiolaris subsp. palmeri living in more xeric 
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habitats (smaller, tougher, and highly pubescent leaves, shorter petioles, and rounder leaf 
bases). These taxa are highly variable, however, and in some cases sun and shade leaves on 
the same tree may span the range of variation between subspecies (Felger et al.2001; 
Bernhard & Nason, pers. obs.). 
/darn es 
Wasps of the genus Jdarnes (undescribed species; Agaonide, Sycophaginae) are the 
most common non-pollinating wasps associated with the rock fig fruit, often found in higher 
numbers than the Pegoscapus pollinator wasp (Bernhard & Nason pers. obs.). This parasite 
is thought to be in direct competition with the pollinator for oviposition sites in female fig 
flowers (West & Herre 1994, 1997). Unlike the pollinator, which enters the syconium to 
oviposit, Jdarnes oviposits externally, using their remarkably long ovipositor to pierce the 
syconium wall to reach female flowers. Also unlike the pollinator, Jdarnes males fight for 
access to females using enlarged mandibles (Hamilton 1979; Murray 1989; West & Herre 
1994). Subsequently, the fertilized females exit the holes made by the pollinator males 
without collecting pollen. 
In previous research we have identified four morphologically and genetically distinct 
Jdarnes lineages attacking F. petiolaris (Bernhard et al. in prep). Each is a member of 
Jdarnes sensu stricto (carme andflavicollis species groups). Two lineages (further referred 
to as SOl and S02) have relatively short ovipositors and two others (further referred to as 
LOl and L02) have relatively long ovipositors. These morphospecies are also 
distinguishable on the basis of antennal and thoric characters. All four lineages are 
represented in our current phylogenetic analyses. 
The Biogeographical Setting 
The Sonoran Desert of Northwest Mexico and Southwest United States has been the 
focus of extensive ecological and evolutionary research (e.g., Case et al.1983, 2002; Barker 
& Starmer 1982; Riddle et al. 2000), in part because of its well studied geological and 
environmental histories (Gastil et al.1983; Carreno & Helenes 2002; Van Devender 2002). 
As a result of expanding plates during the late Miocene (ca. 8 mya), a shallow, proto-gulf 
40 
was formed partially separating what was to become the Baja California peninsula from 
mainland Mexico. With subsequent sea-floor spreading and rifting in the early Pliocene (ca. 
4 mya), the southern tip of the Baja peninsula separated from the Sonoran mainland creating 
the Gulf of California and its opening to the Pacific Ocean (Carreno & Helenes 2002). 
During the Pleistocene, members of the Sonoran Desert flora are believed to have persisted 
in southern refugia located in the Cape Region of the Baja peninsula and the coastal plain of 
southern Sonora and adjacent Sinaloa (Van Devender 2002). Since glacial retreat (ca. I2,000 
years ago), much of the flora have expanded their ranges north into central and northern Baja 
and Sonora, and, in more cold tolerant species, into southern Arizona and southwestern 
California (Van Devender I 990; Van Devender 2002). As a Sonoran Desert endemic, F. 
petiolaris and its fig wasps have been subject to this regional history of vicariance and range 
shifting. 
Locality and storage information 
Collections of F. petiolaris and Idarnes were made in June 2003, September 2003, 
and June 2004. For the rock fig, I21 individuals were sampled from I8 populations, (8 in the 
mainland Sonoran and 10 in peninsular Baja California). Twelve of these populations 
represent F. petoliaris subsp. palmeri while the remaining six represent subsp. petiolaris (see 
Table I, Figure I). Pieces of newly expanded leaf were collected and desiccated in silica gel. 
Upon return to the lab, samples were stored at -80 °C until subject to molecular work 
For the current study we obtained mitochondrial DNA sequence data from a total of 
81 Jdarnes individuals representing two morphospecies with long ovipositors (30 from LOI 
and 2 from L02) and two morphospecies with short ovipositors (3I in SOI and I8 in S02). 
Our L02 samples were restricted to a single location (site. 16) in Sonora while the remaining 
morphospecies were widespread on F. petiolaris. 
The 81 sequenced Idarnes individuals were collected from I5 of the I8 sample rock 
fig populations (wasps were unavailable in populations 13, 15, and I8 at the time of 
sampling). Individual Idarnes were collected from the outside of the syconia while 
ovipositing, or from mature fruit placed overnight in plastic vials (in the latter case a single 
wasp was sequenced per fruit, assuring that siblings were not analyzed). Collected wasps 
were stored in 95% ethanol until molecular work commenced. 
F. petiolaris DNA extraction and AFLP methods 
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F. petiolaris individuals collected in 2003 (sites 1-7, 11-14, 17, 18) were extracted 
using the DNeasy Mini Plant extraction.kit following the manufacturers' protocol with the 
exception that DNA was stored in 100 µl heated water instead of AE buffer. CT AB 
automated extraction (ISU DNA Sequencing Facility) was used to isolate DNA from samples 
collected in 2004 (sites 8-10, 15, 16). This latter extraction method decreased the chances of 
DNA degradation because the samples were all ex~racted within a single day and were 
quickly subjected to the initial AFLP reactions. As a consequence, samples from 2004 had 
substantially higher AFLP banding intensities than did those from 2003. In all cases, DNA 
samples were quantified on a 2% agarose gel against quantified DNA standards. 
All DNA samples were subject to the same AFLP protocol optimized from standard 
AFLP methods (Vos et al.1995). 300 ng of genomic DNA was digested with 10 units each 
of Msel and EcoRI (New England Biolabs) at 37°C for 2 hr and 70°C for 15min, ligated with 
5 units ofT4-ligase (Biolase Company) to double stranded adapters incubated at 16°C 
overnight. Pre-selective amplification used 10 µl of dilute restricted/ligated template, 5µ1 of 
lOX PCR buffer (Biolase), 1.5µ1of50mM MgC}z, 4µ1 of2.5mM dNTP (Invitrogen), 8µ1 of 
5µM Mse+C primer, 8µ1of5µM Eco+ A primer, and 2.5 units Taq polymerase (Biolase 
Company), with a PCR cycle of75°C for 2min, 20 cycles of94°C for 50s, and 56°C for 
lmin, with a final 30min extension at 60°C. Two primer combinations were selected for the 
quality and quantity ofbands produced: TET-Eco+ACA/FAM-Eco+ CAA/MSE+CAT and 
TET-Eco+ACA/FAM-Eco+ CAA/MSE+CAA. Selective amplification was used using 5 µ1 
of dilute preselective amplicon template, 11.5µ1 dH20, 2.5µ1 of lOX PCR buffer, 0.75µ1 of 
50mM MgCh, 3µ1 of2.5mM dNTP, 0.5µ1of50µM Mse+C primer, 0.75µ1 of5µM of each 
Eco+ACA and Eco+ACC primers, and 1.25 units Taq polymerase (Biolase). The PCR cycle 
was as follows: 94°C for 2min, 20 cycles of94°C for 30s, 65°C for 30s (reduce by 1°C per 
cycle), 94°C for 30s, 56°C for 30s, 72°C for 2min and a final extension step at 60°C for 
30min. AFLP products were detected with use of the ABI 377™ Perkin-Elmer Automated 
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Sequencer on a 5% polyacrylamide gel by electrophoresis (ISU DNA Sequencing Facility). 
Fragments along with peak sizes were visualized with GeneScan Analysis® 3.1 (Perkin-
Elmer). Scoring was completed with Genographer software (version 1.6, ©Montana State 
University 2001; http://hordeum.msu.montana.edu/ genographer/). 
ldarnes DNA extraction, amplification, and sequencing work 
Total genomic DNA was isolated from individual wasps using the puregene® kit by 
Gentra Systems and using the protocol for single Drosophila extraction. We performed 
standard PCR amplification and sequencing reactions of a 348 bp fragment of the 
mitochondrial COi gene (detailed amplification and sequencing methods outlined in 
Bernhard et al.in prep). Sequences were first aligned using AutoAssembler™ and further 
editing was completed in MacClade. Ambiguous ends were omitted and 325 nucleotide sites 
were used for analyses. 
Rock fig AFLP analyses 
Maclade software (Maddison & Maddison 1992) was used to create constraint trees 
forcing the monophyly of F. petiolaris individuals from the same population. PAUP* 4.0 
(Swofford 1998) was then used for all tree-building analyses. Neighbor joining (NJ) 
(employment of the BioNJ option in PAUP) was used to infer population relationships for the 
initial samples collected in 2003. Initial analyses revealed that the 13 sites sampled in 2003 
clustered into discrete peninsular and mainland assemblages while all 5 sites sampled in 2004 
clustered into a single assemblage. Given that the 2004 samples represent both peninsular 
and mainland populations, we interpret this clustering together to be an artifact of the 
increased banding intensity in the 2004 AFLP data (see AFLP methods). To address this 
issue we confined the geographic structuring observation in the initial NJ tree for the larger 
2003 data set using analysis of molecular variation (AMOV A, Excoffier et al.1992), finding 
significant (p, 0.001) differentiation between peninsular and mainland groupings of 
populations. Based on these results we placed constraints on the combined 2003 and 2004 
data forcing the monophyly of peninsula and mainland populations. Clade support for the 
constrained tree was determined on the basis of 1000 bootstrap replicates of the data. 
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To test for evidence of range expansion, mainland populations were used as outgroup 
in analyses of mainland populations. The resultant phylograms were compared against a 
hypothetical topology expected under post-glacial range expansion in which northern 
populations are serially nested within the more southern populations (Nason et al.2002). 
Concordance between the observed and hypothetical topologies was computed using 
GeneTree (Page 1998) with significance determined using randomization procedures (1000 
replicates). 
Idarnes sequence analyses: 
Using maximum likelihood (ML) and other methods of phylogenetic inference, we 
have recently described four morphologically and genetically distinct lineages of Jdarnes on 
F. petiolaris (Bernhard et al. in prep.). The genetic data (COi mtDNA sequences) reveal 
these lineages to be well supported clades which do not prove to be monophyletic in broader 
phylogenetic analyses incorporating 26 sequences obtained from Jdarnes collected from 15 
species of the New World. 
Here we focus on phylogenetic information present within each of these clades. For 
each clade we used AMOV A to quantify and test the differentiation of sequences grouped by 
geographic region (peninsular Baja vs. mainland Sonora). These analyses were conducted 
using the program Arlequin (Schneider et al.2000). We also used Arlequin to calculate 
Tajima's D for significant population groupings identified within each clade via AMOV A. A 
significant negative value of Tajima' s D is indicative of an excess of rare alleles and recent 
and rapid population growth, as is likely to have occurred in association with post-glacial 
range expansion. 
Results 
Ficus petiolaris population structure 
Our NJ analysis ofthe 2003 F. petiolaris populations revealed a discrete Baja and a 
Sonoran mainland assemblage. The two subsp. palmeri populations sampled from the 
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mainland clustered with the other mainland populations, not with other subsp. palmeri 
populations from the peninsula, indicating that the genetic variation in the rock fig is better 
explained by biogeography rather than by the morphological characters used to designate 
subspecies. In Figure 2 we present an unrooted NJ tree for the entire data set, including the 
constrained 2004 populations (see Methods). 
Looking within biogeographical assemblages, the NJ tree topology revealed 
significant evidence of post-glacial range expansion within the Baja peninsula. Using one 
assemblage to root the other, peninsular populations formed a tree in which northern most 
populations were serially nested within more southern populations (Figure 3). This observed 
tree was highly concordant with a hypothetical tree reflecting northward range expansion (p< 
0.001 using GeneTree). In contrast, range expansion was not revealed in the topology of the 
NJ tree constructed for mainland populations. 
ldarnes wasp population structure 
In previous research, Bernhard et al.(2004) describe four well supported ldarnes 
mtDNA lineages (LOI, L02, SOI, and S02) on F. petiolaris corresponding to different 
morphospecies. All but L02 were sufficiently common and widely distributed to permit 
phylogenetic analysis (L02 was obtained only from site 16). The COI mtDNA ML tree for 
LOI provides topological evidence of peninsular and mainland clades, consistent with a 
history of vicariance attributable to the Gulf of California. This conclusion is supported by 
AMOVA analysis indicating significant genetic differentiation (Fst = 0.28; p < 0.001) 
between these regions (Table 2). In contrast, neither analysis revealed significant regional 
structuring in the short ovipositor morphospecies SOI and S02. Within each of these 
groupings, Tajima's D was calculated to test for range expansion. An excess ofrare alleles 
(indicative of populations that have undergone range expansion) was observed in all 
groupings except for SOI, indicated by their significantly negative Tajima's D values (see 
Table 3). 
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Discussion 
Depending on the temporal scale, the rock fig and its floral parasites display both 
discordant and concordant population structures. At a deeper level, an anticipated one-to-one 
species relationship between host and parasite (a precursor for strict co-cladogenesis) was not 
found. Four distinct lineages of Idarnes were found attacking one lineage of the F. petiolaris 
host. The existence of these multiple lineages and their apparent polyphyly indicates a 
relaxation of strict coevolution between the rock fig and its floral parasites. In contrast to 
this discordance observed at a deep level, within lineage genetic structure of the most 
abundant Idarnes morphospecies (LO 1) was concordant with that of the rock fig with regard 
to geographic isolation and inferred post-glacial range expansion. This concordant genetic 
structure suggests similar levels of gene flow between LO 1 and the rock fig and opens the 
possibility for local co-adaptation in this parasite-host interaction. The other two parasite 
lineages for which we have sufficient data (SOl and S02) exhibited considerably less 
genetic variation structure suggesting asymmetrical gene flow patterns with their host and a 
lower likelihood for local co-adaptation. 
The Gulf of California which separates Baja from mainland Mexico was shown to 
serve as a barrier for gene flow for both F. petiolaris populations and !darn es LO 1 
populations. Without exception mainland and peninsular populations of the rock fig fell into 
their distinct phylogeographic assemblages, and, this was mirrored by a similar division in 
the LOl clade of Idarnes parasites. There was a single exception (see Figure 4) of a 
mainland individual wasp clustering with the peninsular individuals. Interestingly this 
individual was collected from Cerro Kino, Sonora which is located near the Midriff island 
chain, the most likely path of gene flow across the Gulf of California. This general division 
between Baja and Sonora is consistent with other plant and animal studies of the Sonoran 
Desert region (Nason et al.2002; Riddle et al.2002; Clark-Tapia et al.2003; Hurtado et 
al.2004). 
It is hypothesized that F. petiolaris and other cold intolerant Sonoran Desert plants 
were contracted to the south (cape region of Baja California and southern Sonora and Sinola, 
Mexico) during the last glacial maximum (ca. 12,000 yrs ago). Subsequently, as the climate 
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warmed populations of F. petiolaris expanded northward from their refugia attaining their 
present day distribution. Thus, we expect to see evidence of this northward expansion in the 
genetic structure of the rock figs and its associated wasp community. Genetic structure 
consistent with range expansion (revealed by relationships among populations) was observed 
in F. petiolaris peninsular populations with northern populations serially nested in more 
southern ones, but not mainland populations. This is similar to the genetic structure observed 
in the senita cactus (Lophocerous) where range expansion was evident in the I-dimensional 
landscape Baja peninsula, but not in the 2-dimensional landscape of mainland Sonora (Nason 
et al.2002). Evidence of population range expansion (revealed by significant negative values 
of Tajima's D) was also observed in the parasitic wasp lineages of Baja-LOI, Sonora-LOI 
and S02. 
It is interesting that only the LOI morphospecies of Idarnes exhibited a pattern of 
differentiation between peninsular and mainland individuals similar to that of the rock fig 
host. This may be a result of different dispersal abilities of the morphospecies, or differences 
in their biogeographical histories. For example, both morphospecies with short ovipositors 
(SOI and S02) exhibited no indication of a barrier to gene flow between peninsular and Baja 
populations. The considerably shorter ovipositors of these wasps may allow longer range 
dispersal in their ovipositor-burdened relatives. An alternative suggested by work on Old 
World fig parasites (Apocryptophagus; W eiblen & Bush 2002), is that Idarnes with short 
ovipositors use only young fruit which present a narrow window of opportunity for 
exploitation. These wasps may thus travel farther in search of fruit that are at the appropriate 
stage of development. Another possibility is that the SOI and S02 morphospecies do not 
exhibit peninsular and mainland groupings because they have recently colonized F. petiolaris 
and there has been insufficient time for lineage sorting to differentiate mainland and Baja 
populations. 
In addition to testing whether F. petiolaris and its associated parasitic wasps 
exhibited similar genetic structure relative to biogeographical history of the Sonoran Desert, 
we also assessed whether subspecific groupings of F. petiolaris into subsp. palmeri and 
petiolaris was reflected in our genetic data. We found that these taxonomic designations 
were not supported by our genetic analyses of F. petiolaris. The rock fig AFLP data showed 
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that the two subsp. palmeri populations from the Sonoran mainland are highly nested within 
the other mainland populations of subsp. petiolaris. This result confirms our suspicion that 
the morphological features distinguishing the taxonomic division are largely a consequence 
of the different environmental conditions the rock fig inhabits. This conclusion is also 
supported by the lack of differentiation of Idarnes populations relative to subspecific 
designations of the rock fig hosts. 
Associations between figs and their pollinating and parasitic wasps represent one of 
the most well supported examples of coevolution and cospeciation, yet the intraspecific 
genetic relationships between these tightly interacting organisms have not been studied until 
now. Our detailed study of F. petiolaris and its Idarnes floral parasites reveals an 
unexpected deviation from strict co-cladogenesis in this highly obligate parasitic wasp, with 
the presence of four distinct wasp lineages on a single host. However, our analyses of within 
lineage structure reveal at least one case of highly symmetric patterns of divergence between 
host and parasite (i.e., LOI clade) which may set the stage for subsequent cospeciation. In 
contrast, examples of parasite lineages exhibiting high gene flow (SOI and S02) relative to 
the host fig were also observed. This asymmetry in gene flow may decouple coevolutionary 
relationships and hinder local co-adaptation. 
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List of Table Legends: 
Table 1: Information on populations of Sonoran Desert rock fig, F. petiolaris, and its non-
pollinating wasp parasite, Idarnes (unnamed species) sampled from peninsular Baja 
California and mainland Sonora, Mexico. Sample size refers to the number of individuals 
sampled for AFLP and mitochondrial sequence analysis in the fig and wasp, respectively. 
Table 2. Fstresults between peninsular and mainland populations for the three Idarnes 
morphospecies. Morphospecies LOI showed a significant differentiation between its 
peninsular and mainland populations while SOl and S02 did not show geographic 
differentiation. 
SI 
Table 3. Tajima's D values for the following populations: LOI-peninsular, LOI-mainland, 
SOl, and S02. There are a significant negative values (an excess ofrare alleles) found for 
both peninsular and mainland LOl groups, and S02 indicating post-Pleistocene range 
expans10n. 
Table 1. 
Site 
Name 
Latitude/ 
Longitude 
Sites sampled of host subsp. palmeri from Baja California 
Sample Size 
Figs Wasps 
1. CaboSanLucus 22.92408N/109.97872W 5 8 
2. SanBartolo 23.74212N/109.82229W 10 10 
3. Ficupa Summit 24.01794N/110.097351 W 10 7 
4. Agua Verde 25.57437N/111.17371 W 3 1 
5.LoretoBeach 25.84059N/111.33179W 5 1 
6. Loreto Mountains 25.97532N/111.47649W 5 6 
7. Fig Canyon 26.35778N/111.80384W 3 5 
8. Mulege 26.75220N/l 12.17586W 7 2 
9. San Francisco 27.24018N/112.37004W 7 2 
10. San Rosalia 27.57151N/113.07616W 10 7 
Sites sampled o(host subsp. palmeri from Sonora, Mexico 
11. Cerro Kino 28.89978N/112.00536W 6 15 
12. Nacapule Canyon 28.01515N/111.05335W 9 3 
Sites sampled o(host subsp. petiolaris from Sonora, Mexico 
13. Alamos 26.94202N/108.88785W 1 0 
14. Navajoa 27.08546N/109.67891 W 12 4 
15. Nuri 28.07790N/109.32165W 8 0 
16. Tepoca 28.48525N/109.35906W 8 6 
17. Rt Rio Sonora 29.50435N/110.16918W 5 4 
18. ArizpeCanyon 30. l 8893N/110.24050W 7 0 
121 81 
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Table 2. 
Morohosoecies Fst P values 
LOl 0.28317 0.000±0.0000 
SOI 0.06559 0.47070±0.0156 
S02 -0.30247 0.87891±0.0088 
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Table 3. 
Grouo Taiima's D value P values 
LOI-peninsular -1.65473 0.04059 
LOI-mainland -I.83552 O.OI820 
SOI -0.75582 0.27400 
S02 -1.849I5 0.01300 
List of Figure Legends: 
Figure 1: Populations of the Sonoran Desert rock fig, F. petiolaris, and its non-pollinating 
wasp parasite, Idarnes (unnamed species), sampled form across their range in peninsular 
Baja California (1-10) and mainland Sonora (11-18), Mexico. Populations labeled in plain 
text are from host subsp. palmeri and populations labeled in bold are from host subsp. 
petiolaris. 
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Figure 2: An unrooted population phylogram for F. petiolaris constructed using neighbor 
joining and AFLP data. The topology of the tree reveals a highly significant (p < 0.001) 
biogeographical grouping of populations into peninsular (gray) and mainland (white) 
assemblages. Populations did not clearly segregate into taxonomically circumscribed 
subspecies (palmeri vs. petiolaris ): the two mainland populations of subsp. palmeri (11, 12) 
clustered with other mainland populations of subsp. petiolaris (13-18). The coding of 
populations is indicated in Table 1. 
Figure 3: AFLP NJ tree for F. petiolaris showing a serial nesting of northern within more 
southern populations that is consistent with post-Pleistocene range expansion northward from 
a southern Baj a refugium. Coding of populations is as in Table 1. 
Figure 4: Idarnes LOI clade from our tree of highest likelihood showing a strong genetic 
differentiation between Baja peninsular (plain text) and Sonoran mainland (bold) samples. 
Population numbers where sequences were attained are in parentheses. The one exception 
(noted ***)was collected from Cerro Kino (site 11) in Sonora. This sample likely represents 
a case of gene flow from the Baja Peninsula to the mainland (see text). 
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Figure l. 
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Figure 3. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The associations between figs and their mutualistic and parasitic wasps have been 
extensively studied and provide textbook examples of coevolution, extreme ecological 
specialization and parallel speciation. The paradigm that figs and their pollinator and 
parasitic wasps exhibit a one-to-one species relationship across all 750-plus Ficus spp. is 
both ecologically and evolutionarily appealing. With few exceptions this paradigm has held 
true for both morphological and genetic studies. 
The studies described in this thesis tested this assumption of species-specificity and 
examined the fine scale patterns of differentiation within the fig-fig wasp system by studying 
intraspecific evolutionary concordance between the Sonoran Desert rock fig, F. petiolaris, 
and an associated non-pollinating wasp, the floral parasite, Idarnes. The aim of this work 
was to examine the potential for coadaptive radiation at a population level and how it may 
underlie the initiation of cospeciation. This work is the first investigating the co-
diversification of coevolving figs and fig wasps atthis fine taxonomic scale. 
The /darnes parasite has been widely studied under the assumption that there is one 
Idarnes sensu stricto species per host species (Machado et al.1998; West & Herre 1998). To 
our surprise, we did not find evidence of a one-to-one species specific relationship between 
F. petiolaris and its Jdarnes floral parasite as expected under a scenario of cospeciation and 
parallel radiation. In fact, we identified four closely related, but genetically distinct lineages 
of Idarnes attacking F. petiolaris. Moreover, upon careful investigations we also found these 
lineages to be morphologically distinguishable. Placed in a broader phylogenetic context, 
these multiple wasp lineages on a single host species appeared to be the result ofrelatively 
recent host shifts and possibly in situ diversification on F. petiolaris. Further, a sampling of 
Idarnes spp. from across New World Urostigma hosts also revealed evidence of multiple 
lineages coexisting on the same host species, suggesting that host-shifts and other processes 
acting counter to the one-wasp-one-host species relationship may be relatively common. 
This work, along with similar findings in New World pollinators (Pegoscapus spp.) and Old 
World seed parasites (Apocryptophagus spp.), calls for a general reevaluation of the 
coevolutionary processes structuring the fig fig-wasp system. 
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Our findings of multiple lineages of Idarnes wasps on the rock fig, F. petiolaris, 
allowed us to assess the concordance of intraspecific genetic structure between the host fig 
and three independent parasite lineages. These analyses revealed one case of highly 
symmetric phylogeographic patterning between a parasite lineage and the rock fig. This 
similarity in population genetic structure is consistent with expectations of local co-
adaptation and subsequent cospeciation. In contrast, we also identified examples of parasite 
lineages exhibiting a lack of genetic structure and apparently high gene flow relative to the 
host fig. Such asymmetries in gene flow may hinder local .co-adaptation and may tip the 
balance in the coevolutionary arms race in favor of the parasites (Gomulkiewicz et al.2000). 
With our detailed analysis of the relationships between a fig species and its associated 
parasitic wasps, we were able to identify an apparent example of relaxed coevolutionary 
relationships between these presumably intimately interacting evolutionary partners, with 
evidence of four independent wasp lineages attacking a single host species. In contrast, at a 
finer phylogeographic scale we found evidence for concordant patterns of genetic structure 
between the rock fig and one of its parasite lineages, suggesting the possibility of 
coevolutionary relationships below the species level. Together, these results indicate that the 
coevolutionary relationships between the rock fig and its Idarnes floral parasites are complex 
and do not conform to a simple model of one-to-one species specificity and strict 
cospeciation. These unanticipated results beg for further detailed evolutionary and ecological 
examinations at all taxonomic scales of this diverse and highly complex model system. Such 
studies hold the promise of improving our understanding of coevolutionary interactions in a 
wide variety of host-parasite and mutualistic systems. 
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